INTRODUCTION
============

Over the past few decades, tremendous progress has been made in the field of cancer immunotherapy and its clinical efficacy. Key developments in understanding the immune system and its anti-cancer capacity have allowed for the rapid development and clinical implementation of cancer immunotherapy ([@B1][@B2][@B3]). Harnessing the immune system to recognize and control tumor growth, cancer immunotherapy induces the patient\'s immune system\'s ability to recognize and control tumor cells through tumor-specific Ags, tumor-associated Ags, and killer T cells ([@B4][@B5][@B6][@B7]). Immunotherapy can be materialized by vaccination or adoptive cell transfer (ACT), involving the transfer of CTLs that have been expanded to target tumor Ags. Recently, immune checkpoint blockade (ICB) therapy has taken the center stage in cancer treatment to address the ability of tumors to evade the immune system. After several conceptual breakthroughs in understanding the limitations of anti-tumor immune responses, ICB therapy normalizes defective anti-tumor immune responses by the use of monoclonal anti-bodies and aims to combat against cancer with immune-suppressive functions ([@B8]) ([Fig. 1](#F1){ref-type="fig"}).
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Cancer immunotherapy elicits a marked clinical response in patients with various tumor types and changes the paradigm for cancer treatment. Although the developing field\'s potential to revolutionize cancer treatment, it also has critical limitations. For example, even though anti-PD-1 therapy has demonstrated remarkable results in tumor progression and long-term survival rates, a large of proportion of patients are unresponsive to the therapy, and of those who do respond, a fraction of them experienced relapse after treatment. Previous studies have reported a considerable population of patients that exhibit both innate and acquired resistance, presenting a big hurdle to overcome in order to achieve effective treatment ([@B9][@B10][@B11]).

The dynamics of these immunotherapeutic-resistant tumor cells have been the focal point of various studies aimed at gaining a novel insight to advance the field of immunotherapy. Interestingly, these cells not only exhibit immunotherapeutic-resistance ([@B12][@B13][@B14][@B15][@B16]), but also express multi-malignant phenotypes, which includes resistance to conventional treatments, such as chemo- and radiation-therapy ([@B17][@B18][@B19][@B20]), stemness ([@B12][@B13]), metastasis ([@B21][@B22]), and abnormal metabolism ([@B15][@B18]). So how can these immunotherapeutic-resistant tumor cells also show multi-malignant phenotypes? We reasoned on the possibility that the immunotherapeutic resistance could also be associated with the multi-malignant phenotypes as well, and that the various refractory phenotypes are linked together by a factor that acts as a master regulator. We believe that finding the factor, what we termed "a common factor", could provide a novel perspective on immunotherapeutic-resistant cells and help derive strategies to overcome the multi-malignant phenotypes these tumor cells express.

THE CAUSE OF MULTI-MALIGNANCY PRESENTED IN IMMUNOTHERAPEUTIC-RESISTANT TUMOR CELLS: CANCER IMMUNOEDITING
========================================================================================================

To understand the multi-malignant phenotypes presented in immunotherapeutic-resistant tumor cells, we must first understand how they are propagated in the first place. For gaining better insights into the limitations of immunotherapy against the occurrence of multiple malignancies, conceptual developments have been made to describe how the immune system can paradoxically constrain and promote tumor progression and development. This complex process, often referred to as cancer immunoediting, proceeds through 3 phases of elimination, equilibrium, and escape ([@B23]). During the elimination phase, components of the immune systems cooperate to recognize and kill transformed cells that have escaped cell-intrinsic tumor suppression mechanisms. Rare tumor subclones capable of surviving elimination can progress to the equilibrium phase, in which the net tumor growth is limited and, over time, can be stalled ([@B24]). However, the constant or immune selective pressure from the host immune system can select for tumor subclones with enhanced immunotherapeutic resistance, as well as multi-malignant phenotypes. Although this process is known to occur during the natural tumor progression in the host, the results of various studies have indicated that immunoediting also occurs in response to immunotherapies as well ([@B12][@B13][@B17][@B24]). This means that the application of immunotherapy acts as an immune selective pressure to promote rare tumor subclones with multi-malignant phenotypes, which notably include immunotherapeutic resistance.

MULTI-MALIGNANT PHENOTYPES: THE COMMON FEATURES BETWEEN IMMUNOTHERAPEUTIC-RESISTANT AND STEM-LIKE TUMOR CELLS
=============================================================================================================

Because it is not yet known how these immunotherapeutic-resistant tumor cells subclones also have the ability to demonstrate other multi-malignant phenotypes, we searched for working models that would allow us to investigate the mechanisms of the multi-malignant phenotypes of immunotherapeutic-resistant cells. This led us to the studies of a specific subclone in cancer, termed stem-like tumor cells ([@B13][@B25][@B26][@B27]).

With a high capacity to survive, self-renew, and advance to malignancy, these cells represent a huge obstacle to overcome in the fight against cancer. The persistence of stem-like tumor cells is thought to be primarily responsible for tumor progression and relapse after therapy ([@B28]). Interestingly, the emergence of a stem-like properties, as well as multi-modal resistance, metastasis, and abnormal metabolism, has been seen in stem-like tumor cells. Although the dynamics of stem-like tumor cell maintenance and propagation remain unknown, both stem-like tumor cells and immunotherapeutic-resistant tumor cells show similar phenotypes, particularly regarding multiple malignancy, as described in this review ([Fig. 2](#F2){ref-type="fig"}).
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Attempting to better understand the mechanisms behind these phenotypes, we have developed a system to demonstrate how immune selection can act as the perpetuating force that drives tumor cells towards multi-malignant phenotypes. By using a vaccination or ACT regime, which induces CTLs-mediated immune selective pressure, we were able to simulate the evolution of cancer cells in live hosts. We applied *in vivo* immune selection for 3 rounds, leaving us with a line of immunotherapeutic-resistant tumor cells (termed as P3) ([@B13]). Interestingly, these P3 cells exhibited the multi-modal therapeutic resistance, metastasis, and abnormal metabolism. In addition, these cells had stem-like properties enabling them to form spheres *in vitro* and tumors *in vivo* when transplanted into NOD/SCID mice unlike parental tumor cells (P0). Notably, the P3 population was enriched in cells expressing a panel of 'stemness' markers, such as epithelial cell adhesion molecule, CD166, and CD44 ([@B13]). Phenotypes common to stem-like tumor cells and immunotherapeutic-resistant tumor cells provide a first clue to identify a common factor that confers the multi-malignant phenotypes.

IDENTIFICATION OF THE MULTI-MALIGNANT "COMMON FACTOR": NANOG
============================================================

Numerous studies have indicated that stem-like tumor cells express embryonic transcription factors, such as c-MYC, Kruppel-like factor 4, NANOG, octamer-binding transcription factor 4, or SRY (sex determining region Y)-box 2, that exist only in embryonic stem cells ([@B29]). Interestingly, these transcription factors have been reported to be associated with multiple malignancies, including multi-modal resistance, stem-like properties, metastasis and abnormal metabolism ([@B13][@B17]). Therefore, we hypothesized that certain embryonic transcription factors may confer a survival advantage to tumor cells against immunotherapy and promote multi-malignant phenotypes in immunotherapeutic-resistant tumor cells. By examining the molecular basis of the 'stemness' of immunotherapeutic-resistant tumor (P3) cells, we assessed the expression of a panel of proteins known to be important for the pluripotency of stem cells. Among the factors, we found that the NANOG expression was increased with sequential rounds of immune selection ([@B13][@B16]). The total level of NANOG protein was about 10 times more abundant in P3 cells compared to P0 cells. Notably, the overall increase in NANOG expression in the P3 cells was likely due to the enrichment of NANOG^+^ cells, as opposed to the up-regulation of NANOG, since the frequency of NANOG^+^ cells rose from around 5% in the P0 cells to around 90% in the P3 cells. Thus, immune selection depletes cells lacking NANOG and spares those containing NANOG ([@B13]). This suggests that NANOG may promote the formation of immunotherapeutic-resistant tumor cells that resemble stem-like tumor cells by conferring a valuable survival advantage.

The elevated expression of NANOG has been reported by several groups to be an indicator of poor prognosis for patients with breast, cervix, oral, kidney, prostate, lung, gastric, brain and ovarian cancer ([@B29][@B30][@B31][@B32][@B33][@B34][@B35][@B36][@B37][@B38]). Notably, a higher expression of NANOG was associated with advanced cancer stage and shorter patient survival rates ([@B13][@B39][@B40]). To test the possibility that NANOG could play a crucial role in multi-malignant phenotypes as a common factor, we examined multi-malignant phenotypes with varying NANOG expressions. We first silenced *NANOG* expression in P3 cells using *siRNA*. Compared to *siGFP*-transfected control cells, *siNANOG* transfection in P3 cells reduced multi-modal resistance to immuno-, chemo-, and radiotherapy and decreased the stem-like properties and metastatic capacity. Conversely, the overexpression of *NANOG* alone in P0 cells was sufficient for the induction of the multi-malignant properties ([@B13][@B17][@B21]). The finding that NANOG as a common factor could play a crucial role in multi-malignancy makes it a potentially ideal target for therapy-refractory cancer ([Fig. 2](#F2){ref-type="fig"}).

UNDERSTANDING OF THE NANOG-MEDIATED SIGNALING PATHWAY IN MULTI-MALIGNANT PHENOTYPES
===================================================================================

The analysis of downstream signaling pathways directly or indirectly regulated by NANOG suggests that NANOG could regulate various aspects of therapeutic-refractory tumor development and progression such as multi-modal resistance to cancer therapies, stemness, metastasis, and abnormal metabolism. Therefore, the elucidation of NANOG signaling offers a basic understanding of how therapy-refractory tumor cells acquire multi-malignancy, and key factors in the NANOG signaling pathway could be potentially promising therapeutic targets in clinical applications to control therapy-refractory cancer.

NANOG-driven stem-like proliferative potential
----------------------------------------------

NANOG is involved in the regulation of self-renewal in embryonic stem cells. In cancer cells, the overexpression of NANOG has been associated with increased proliferation rates and tumor growth. Several reports have indicated that the knockdown of NANOG in several cancer types suppressed proliferation and clonogenic growth. Indeed, the ectopic expression of NANOG alone induced increased proliferation, spheroid body formation *in vitro* and tumor growth *in vivo* ([@B13][@B41][@B42]). A global gene expression profile using NANOG siRNA-transfected embryonic carcinoma cells suggested that NANOG is involved in the cell cycle-signaling pathway ([@B43]). This group showed that NANOG up-regulated several cell cycle-related genes (such as cyclins D1, D2, D3, and E1) and p53-related signaling pathway components (such as Bcl6 and Atf3), suggesting a role of NANOG in cell cycle and survival ([@B29]). Notably, Han et al. found that NANOG transcriptionally up-regulated the cyclin D1 expression by directly binding to its promoter region, driving the cell cycle forward and accelerating cell proliferation ([@B42]). Interestingly, we previously reported that the overexpression of cyclin D1 promoted uncontrolled cyclin D1-CDK4/6 activation, which in turn up-regulated NANOG expression ([@B16]), suggesting that the NANOG axis promotes stem-like proliferative potentials through a formation of positive feedback loop ([Fig. 3](#F3){ref-type="fig"}). These results indicated that the NANOG axis could be potentially promising therapeutic targets in clinical applications to control abnormal tumor growth.
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NANOG-mediated multi-modal resistance to various cancer therapies
-----------------------------------------------------------------

Cancer immunotherapy, such as cancer vaccination or ACT, was once thought to be a specific method targeting cancer cells. However, promising outcomes in clinical trials of this approach are still insufficient. This may partially, if not entirely, be based on the capability of cancer cells to adapt themselves to the host immune system and escape killing mediated by CTLs. We found that the application of cancer vaccination or ACT resulted in increased NANOG expression and stemness properties in tumor cells and the elevated NANOG drove tumor cells toward a therapeutic-resistant state, rendering cells tolerant to the killing by CTLs, chemotherapeutic-reagents or radiation ([@B13][@B17]). We further demonstrated that the NANOG-dependent multi-modal therapeutic resistance in tumor cells was mediated through a T cell leukemia/lymphoma protein 1A (TCL1A)-AKT pathway. The hyperactive NANOG-TCL1A-AKT pathway has been shown to promote multi-modal resistance to cancer therapies ([@B13][@B17]). Furthermore, we identified histone deacetylase 1 (HDAC1) as a key mediator of the NANOG-associated phenotype. NANOG upregulated HDAC1 through promoter occupancy or AKT-mediated protein stabilization. HDAC1-driven epigenetic silencing of E3 ubiquitin-protein ligase TRIM17 and NOXA promoted multi-modal resistance in tumor cells by increasing anti-apoptotic myeloid cell leukemia 1 ([@B17]) ([Fig. 3](#F3){ref-type="fig"}). Similar phenomena were also found in breast, ovarian, and oral squamous cell carcinomas, where elevated NANOG expression was correlated with resistance to chemotherapeutic drugs ([@B41]). A report by Bourguignon et al. ([@B44]) demonstrated that NANOG up-regulated the drug-resistance-related genes (such as ABCB1 and ABCG2) through transcriptional activation of STAT3, suggesting a direct regulatory link between NANOG and the drug-resistance mechanism in various cancer cells. These results suggest that targeting of the NANOG axis is a potential strategy for overcoming therapy-refractory cancer.

NANOG-induced epithelial-mesenchymal transition (EMT)-like metastatic phenotypes
--------------------------------------------------------------------------------

Elevated NANOG expression is associated with tumor metastasis in various types of cancer ([@B34][@B40][@B45][@B46]). In cancer patient samples, the overexpression of NANOG in the nucleus was significantly associated with high-grade, serious histological subtypes, and poor disease-free survival ([@B13][@B47]). The correlation between elevated NANOG expression and advanced stages of cancer or metastatic incidence showed a critical role of NANOG in tumor progression. We found that hyper-activating the NANOG-TCL1A-AKT signaling axis conferred tumor cells with enhanced migration, infiltration, and invasiveness functions through the up-regulation of EMT-associated molecule B lymphoma Mo-MLV insertion region 1 homolog and twist-related protein 1 expression, whereas NANOG knockdown decreased them ([@B21]) ([Fig. 3](#F3){ref-type="fig"}). Indeed, Wu et al. reported that NANOG-mediated cell motility and tumor metastasis involved the transcriptional up-regulation of Slug ([@B41]). Their results indicated that NANOG was one of the important regulators of EMT and tumor invasion and that blockade of the NANOG axis is a promising strategy to control the metastatic capability of therapy-refractory cancer.

NANOG-mediated reprogramming of mitochondrial metabolism
--------------------------------------------------------

Mitochondria are complex organelles that influence cancer initiation, growth, survival, and metastasis, and many facets of mitochondrial biology beyond energy production actively contribute to tumorigenesis ([@B48][@B49][@B50][@B51][@B52]). Recently, we found that multi-malignant phenotypes arise through mitochondrial dysfunction initiated by HDAC1-mediated epigenetic silencing of the ATP synthase subunit ATP5H, leading to ROS accumulation and hypoxia-inducible factor-1α stabilization under normoxic conditions ([@B18]) ([Fig. 3](#F3){ref-type="fig"}). In the Warburg effect phenomenon, that tumor cells rely mainly on glycolysis, instead of mitochondrial oxidative phosphorylation, for ATP synthesis ([@B53][@B54]). Our results demonstrated that NANOG-HDAC1-driven ATP5H loss in tumor cells leads to mitochondrial metabolic reprogramming, such as increased glucose uptake and lactate production, suggesting that NANOG axis-mediated mitochondrial metabolic reprogramming contributes to the Warburg effect. Thus, we postulate that the disruption of glycolysis in tumor cells may also restore susceptibility to therapy in NANOG^high^ refractory tumor cells.

THERAPEUTIC OPPORTUNITIES THROUGH ACTIONABLE DRUGS TARGETING THE NANOG SIGNALING AXIS
=====================================================================================

Theoretically, there are several advantages to choosing NANOG as a therapeutic target. First of all, NANOG plays a key role in activating several well-known oncogenic pathways, as shown in [Fig. 3](#F3){ref-type="fig"}, which makes it a highly desirable target candidate. Second, NANOG is commonly not expressed in ordinary differentiated somatic cells. Therefore, the off-target effects of NANOG-targeting should be limited. Finally, according to the cellular functions mediated by NANOG downstream effectors, the specific suppression of NANOG enhances the immune surveillance of the host and apoptosis of tumor cells, prevents resistance to chemo- or radiotherapy, reduces tumor growth and metastasis, and inhibits stemness functions ([@B29]). Unfortunately, however, pharmacologic inhibitors of NANOG have yet to be developed. Therefore, an in-depth understanding of the underlying molecular mechanisms of NANOG-mediated multi-malignancy is essential for developing strategies to overcome therapy-refractory cancer.

Accumulating evidence has demonstrated the therapeutic potential of targeting the NANOG signaling axis in several cancer cells. For example, small-molecule inhibitors of CDK4/6, a main intermediate of the NANOG signaling cascade, such as palbociclib (PD-0332991), could reverse the NANOG-mediated multi-malignant phenotypes in various cancer cells. Notably, a combination of palbociclib with the adoptive transfer of CTLs resulted in robust anti-tumor effects and survival benefits against NANOG^high^ therapy-refractory tumor cells ([@B16]) ([Fig. 3](#F3){ref-type="fig"}). Another example is the inhibition of HDAC1, a crucial mediator of the NANOG-associated phenotypes, using romidepsin (FK228). We found that HDAC1 promotes multi-malignant phenotypes mediated by NANOG. Despite its important role in enhancing NANOG-mediated multi-malignancy, HDAC1 also serves as a vulnerability factor by acting as the Achilles\' heel, potentially leading to the decline of tumors if it is selectively targeted ([@B17]). Indeed, epigenetic therapies have increasingly been recognized as new approaches to treat various relapsed cancers after therapy ([@B55]) ([Fig. 3](#F3){ref-type="fig"}). These results demonstrate that inhibition of the NANOG axis using CDK4/6 or HDAC1 inhibitor represents an attractive, widely applicable strategy for the control of NANOG^high^ refractory cancer, either as a sole modality or synergistically, as part of an immune-based therapy.

CONCLUSION
==========

Tumor cells undergo molecular evolution under various therapeutic pressures such as immunoediting caused by intrinsic or extrinsic anti-tumor immunity ([@B23][@B24]). As a result, current data from clinical trials indicate that immunotherapy rarely yields significant benefits for cancer patients in terms of tumor progression and long-term survival. The amplifying propensity is that the poor clinical outcomes of immunotherapy are associated with multi-malignant phenotypes including the resistance to immunotherapeutic agents ([@B24]). We report that anti-immunity drives the evolution of tumor cells toward a stem-like phenotype that promotes both tumor growth and EMT-like metastatic phenotypes and nullifies CTLs, as well as other types of cancer therapeutic agents, such as chemotherapeutic-reagents and gamma-irradiation. The emergence of these phenotypes requires the transcription factor NANOG, which is a common factor regulating the multi-malignant-related genes of therapy-refractory tumor cells. Thus, therapeutic strategies aiming to blunt NANOG expression or target the NANOG signaling pathway may represent promising ways to manage cancer that is refractory to various immune-therapeutic agents, including immune-checkpoint blockade agents.
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